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Al~traet--Aged articular cartilage has no other means of nutritional transport to the cartilage cells except 
the inbuilt mechanism of interstitial fluid exchange inbetween the cartilage and synovial fluid. The secreted 
nutrition from blood mixes well in the synovial fluid and during articulation it enters into the cartilage 
where it meets with the cartilage cells. The local variation of the permeability of the cartilage, therefore, 
plays a very important role in the whole mechanism. Analytically the problem is formulated as a two 
region diffusion and flow model: flow and diffusion in between two approaching cartilage surfaces and 
within the porous cartilages. The solution of the coupled mixed boundary value problem could only be 
obtained for a few particular cases. It has been observed that the increased permeability at the surface 
does not allow nutrition to the ceils in the deeper egion and they die out. In case of diseased joints the 
nutritional transport is very difficult owing to increased rigidity or local variation of permeability within 
the cartilage. The paper further concludes that for low molecular weight solutes, the phenomenon of
nutritional transport is diffusion dominated whereas for large molecular weight solutes, it is dominated 
by mechanical pumping action. 
INTRODUCTION 
Synovial joint mechanics involve complex dynamic interactions between a thin lubricating 
film of highly non-Newtonian lubricant (the synovial fluid) and a porous, permeable 
biphasic composite solid known as cartilage articulating under severe loading conditions [1]. 
The interstitial fluid exchange in between the fluid film and the cartilage plays a fundamental 
role in: 
(1) Deformational processes by controlling the mechanism of rate of fluid transport through the 
deforming tissue [2-4]. 
(2) Lubrication of articular cartilageous surfaces by way of providing sufficient lubricant for low 
friction and wear [5-10]. 
(3) Biological processes by augmenting the transport of nutrients into and of the waste products 
out of the tissue [11-13]. 
The integrity of these characteristics is ensured as long as the individual constituents of the 
synovial joints, i.e. synovial fluid, the articular cartilage and the sub-chondral bone, remain ormal. 
The normal pathways of the metabolites and the nutrition of the cartilage cells are of fundamental 
importance for the health of the tissue [13]. The nutrients reach the cells of the cartilage ither from 
the sub-chondral bone or from synovial fluid or both. In immature subjects the bone surfaces do 
not close at the bone-cartilage interface whereas in mature subjects heavily calcified regions provide 
an impermeable barrier to the fluid transport between the tissue and underlying bone [14-16]. The 
joint capsule is not provided with blood capillaries like other organs of the body. Thus the only 
nutritional pathway in mature articular cartilage is through imbibition of the suspending medium 
of the synovial fluid [16]. Thus, synovial fluid is an excellent source of nutrients for the cells of 
the cartilage through which water and other solutes like glucose are permeable. It has long been 
established that the cartilage imbibes and exudes during the articulation [17]. Metabolites are 
believed to move to and from the cells through ground substances by mechanical pumping as well 
as diffusional processes [18-21]. 
Local variation of the permeability within the articular cartilage and concentration f hyaluronic 
acid molecules in the fluid film region play an important role in the lubrication of cartilageous 
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surfaces [22, 23] and nutritional transport within the cartilage. These variations in normal as well 
as in pathological states may serve as an important diagnostic tool for identification and location 
of several diseases right at the initial stage [24-26]. For example, softening of the tissue surface layer 
leads to the increase in permeability resulting in failure of the normal ubrication mechanism, 
altered nutritional pathways and necrosis of the chondrocytes. Pealing of the superficial tangential 
zone generates osteoarthritic conditions. Breakdown of hyaluronic acid components reduces the 
viscosity to approximately that of Newtonian fluids [29] 
This paper, therefore, aims to study the effects of local variation of permeability and the 
concentration f hyaluronic acid molecules in the fluid film on nutritional transport through the 
suspending medium of synovial fluid. Our earlier two region flow models involving squeezing flow 
of synovial fluid in between the two approaching poroelastic cartilageous surfaces and the flow of 
suspending medium of the lubricant within the intra-articular gap [23, 26] have been developed to 
discuss the nutritional transport processes. Thus, analytically, the two region mixed boundary value 
problem involving flow and diffusion has been studied so as to draw some conclusions for normal 
and pathological states as described above. Again, the quasi-steady forms of the governing 
diffusional equation have been considered, because the convective transport dominates over time, 
the rate of change of concentrations during articulation. 
FORMULATION OF THE PROBLEM 
Figure l(a, b) represents he normal knee joint and its geometrical counterpart for the purpose 
of analytical treatment; he knee joint consists of bone, cartilage and synovial fluid. Cartilage is 
represented by a poroelastic pad of thickness H' and the initial gap between the two articular 
surfaces is taken as 2h0. Thickness of the fluid film at any time is 2h'. Figure l(b) is symmetrical 
about y' = 0 and both the surfaces approach each other with a squeezing velocity %(= dh'/dt') at 
some gap 2h'. 
In order to formulate a mathematical tractable problem, we introduce the following admissible 
assumptions: 
(1) Articular cartilage behaves trictly as an elastic. 
(2) Body forces and diffusional couples do not exist. 
(3) The solid and fluid phases are isotropic, homogeneous and incompressible. 
(4) The ratio of solidity to fluidity (v) is constant. 
(5) The effect of viscosity of interstitial f uid is negligible xcept where it implicity contributes to 
the diffusional drag. 
(6) Owing to small transients during articulation, inertial forces are negligible. 
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Fig. l(a). Human knee joint. Fig. l(b). Geometrical counterpart of the human knee joint. 
Nutritional transport in a synovial joint 1133 
Under these assumptions, the governing differential equations of continuity, momentum and 
constitutive relations of each phase of the cartilage matrix and in the fluid film region are given 
separately below. 
Poroelastic region: [h' <~ y' <~ h' + H'] 
The quasi-steady coupled governing equations of motion for the deformable cartilage matrix and 
mobile portion of fluid contained in its pores may be written in a slightly modified form of those 
given by Torzilli and Mow [28]. 
0 = d iv  - \ -d -V  - p '  (1) 
,1 (d~'  ) 
0 = div tr~ + k- -~ \d t  ' P' (2) 
where o~' is the displacement vector of the cartilage, P' is the fluid velocity and k'(x) is the 
permeability of the cartilageous matrix to the fluid. Equations (1) and (2) represent force balances 
for the cartilage and the suspending medium of the synovial fluid components respectively. The 
second term in equations (1) and (2) represent diffusive drag arising from the relative velocities 
between solid and the fluid contents. Both are assumed to be incompressible. Omission of the inertia 
terms is justified because the diffusive drag coefficient K is of the order l0 -t5 of N s m -4 even in 
unloaded state. Further, under slow conditions, the diffusive drag coefficient K is related to the 
permeability k'(x) of the tissue by the relation [29] 
1 
k' = (1 + v)EK (3) 
where v is the ratio of solidity to porosity of the tissue. 
Again, introducing the assumptions mentioned above in the generalized constitutive equations 
of each phase (i.e. equations 6(a) and (b) given by Holmes [30]), we obtain their modified forms 
as 
a; = (,~' + A 'tr es)I + N'es (4) 
tr~ = ( - i f '  + ~'  tr es)I (5) 
where A', N' and ~' are the constant elastic parameters of the cartilage, iS' is the hydrostatic 
pressure, es is the strain tensor and tr(es) is the corresponding dilatation. 
The results of recent confined compression tests of Hofi and Mockros [31] conclude a linear 
empirical relation in terms of the bulk modulus E and P' in the form: 
p / 
tr(e~)=eo+-~- (6) 
where e0 is a constant. 
Introducing the expression for stress from equation (5) in equation (2) and using equation (6), 
the governing equation relating P' and the relative velocity within the cartilage matrix is 
given by 
(V' - W[) = -k (1 - - -~)P ' .  (7) 
One may look on equation (7) as a modified form of Darcy's law with the addition of 
velocity. 
C.A,M.W.A. 17/7--E 
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In order to obtain the effects of small local variations in the permeability of the cartilage, we 
introduce this relative velocity in the continuity equation of the fluid and derive the governing 
equation for the pressure distribution within the cartilage. 
V. (k 'V~') = 0. (8) 
The experiments of Maroudas et al. [14] confirmed that the permeability k' decreases linearly with 
depth. We therefore introduce 
k' = k0 (1 - fl'y') (9) 
where k0 is a constant. Finally, we obtain the following partial differential equation for the pressure 
distribution within the cartilage 
' am I ° ,  ,) a '-I Ox '2 Oy' ( l -py  ~y, J=O 
where fl' is constant. 
Fluid film region: [0 <<. y' <<. h'] 
(i0) 
The quasi-steady governing equation of motion in the fluid film region is given by 
O= 0p '+~y,  # (11) 
ax' ay'J 
where P' is the pressure in fluid film region and/~' is the viscosity of synovial fluid depending on 
local concentration of hyaluronic acid molecules as described below: 
# '=#0( l+~'c ' )  (12) 
where ~t' is constant and ~ is constant viscosity. 
0u' 0v' 
~--Tx, + ~y, = 0 (13) 
where u' and v' are the horizontal and normal components of velocity respectively in fluid film 
region. 
The local variation of the concentration of hyaluronic acid molecules (e') within the intra- 
articular gap is given by the generalized one-dimensional diffusion equation: 
d dc' 
dy' mc = dy' dy ' /+v° - -  ' 0 (14) 
where D' is the diffusion coefficient which depends linearly on the local concentration by the 
relation 
D' = D0(1 + ;t'c') (15) 
and m is the rate of production of degeneration. 
The fluid velocity v' in fluid film region is represented as follows: 
v' = a + by' (16) 
y '=O}.  
y' h" 
(17) 
together with conditions. 
v' --0 at 
dh' 
v'-- V'. dt' at 
The normal component of the velocity is given by 
v'.  = =h. (18)  
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Boundary and matching conditions are given by 
du' 
- -=0  
dy' 
u , + ko Op Ou' 
.o ~X ' = - ~  
p 
c~ x ' 
P'  and P=0 
and dp___[' = 0 
c3x' 
°~= 0 ~y, 
p,=p,  
and c' = 0 
c~ 
h' 
at y '=0 
at y '=h '  
a tx '= _+I 
at x '=0 
aty '=h '+H"  
at y '=h"  
aty '=0 
at y' =h '  
where tr' is the parameter associated with slip velocity. 
(19) 
NUTRITIONAL TRANSPORT 
The nutritional transport of any solute species is described by the local variation of the 
concentrations c~ and c~ in the fluid film and within the articular cartilage. One-dimensional 
governing diffusion equations in these regions are given below: 
d2c~ , dc~ _ mc'l = 0 (20) D', -r-~,, + v,~. 
dy---; ay -  
satisfying the condition 
and 
, d2c~ ,dc  
O:d-9+ v,v.~- mc~ = 0 
c~ = Co at y'  = 0 
t i Cl =t~c~ at y =h '  
c~=0 at y '=h"  + H" 
(21) 
(22) 
D, dc~ = NV'~t,v.)C~ n ,  ac; at y' h' 
I dy '  - ,--2 t~y--; = 
where v~'v., V:v. and V~(,v.) are normal velocity components in fluid film region, porous matrix and 
at the surface of cartilage. 
SOLUTION OF THE PROBLEM 
We introduce the following non-dimensional scheme: 
x' y'  u' 
X ~ - -  t 
l '  y=~- ,  u=- - ,  o v0 
~P 
V ~m t~ 
~o 
h' n '  e' P' 
h=--ho, n=--ho P pro ~' P pvg' 
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h o pro I C" E = - -  Re = - - ,  Pe = voho c = - -  
1 ' go Do Co' 
k" D ' mh 2o I~ '
k = - -  D = - -  M = - -  /g = - -  (23) 
ko Do Do #o 
where p is the density o f  the fluid. 
The governing differential equations for flow (10, 11) and diffusion (14,20,21) in the 
two regions and the corresponding boundary and matching conditions (17, 19, 20) transform 
to 
and 
c' y =o (a) 
0p -t (1 + otc) = 0 (b) 
ax Re E2 ~y 
d (DdC)+Pe~y-MC=O (c) 
dy 
d2c~ ~ dcl 
D, ~ + re ~y - mc .= 0 (d) 
d2c~ _ dc: 
De ~ + re  -~y - Mc2 = 0 (e) 
v = 0 at y = 0 "~(f) 
J v. = V . -  1 at y =h 
~u 
- -  =0  a ty  =0 ay 
Re ~/~ ~u 
u + ko I-T ~-~ =-o I ly  aty=h 
bP and b/~ 0x ~x = 0 at x = 0 
P and J~=0 atx=+_ l  
aP 
- -=0 at y =h + H 
by 
P=P aty=h 
c =0 aty  - -0  
c = 1/h at y = h 
cl = 1 at y = 0 
c~ = 6c2 at y = h 
c2=0 at y=h+H 
dc~ ~c2 
Dl  -~y  ---- N Pe  V,(,~.) • ci - D :  ~-y at y -- h. 
, (g) 
(h) 
(i) 
(24) 
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Equation 24(a,b,c) for pressure distribution in fluid film and porous matrix and local variation 
of concentration of hyaluronic molecules in fluid film region have already been solved separately 
using boundary and matching conditions [23, 25]. 
The solutions for concentratio~ distribution of solutes in fluid film region [equation 24(d)] and 
porous matrix [equation 24(e)] are given below: 
C, = A, 2y + go'gt (h). + B, (25) 
where 
C2=A2Iy+Kl ~ A~sin(mn) 1 .=o f(h) [fl(y)zl(y)--f2(Y)z2(h + H)'z3(y)]+ B2 (26) 
Kl Pe k° Re J4  ~ = D212 , f(h)= rt (1 -f lh) I/2 
( 1 /3.y + ~_.~3~33 ' fro(Y)= m2e 2 2m~e 2 mnE / 
[-2m,E _ fly),~2], z,(Y) = exPL--ff- (1 
[- 2mn~ 1 z3(y) = exPL---- if- (1 - fl .y),/2 
Pe.N. Vn 
AI= 
D, "gs(h) '
A(Y)=(m~I2 2m~c 2fl'y ~-mfl-~.E3) 
(#f4m*E H)m} z2(h + H) = exp{~ [1 - fl(h + 
+,o, , , , ,  
A2 = {K, [g3(h) - g2(h)] - H} 
nl~ l~ B2 = -A2[(h + H) + K~ "g2(h)] 
mn=(2n+l)n/2 
An sin(mn) gl(h) = ~ (1 -- flh)[zl(h) - z2(h + H)'za(h)] 
.=o f(h) 
~-o f(n) ~/z2(h + H) f3(Y) = 2 2 
m nE ~3 
f4(h) = ~ + ~ + ~ A(h) = "m-nt 
An'sin(m~) 
gs(h)= ~.o -f-~ ~(h)z~(h)-f2(h)z2(h + H)zs(h)] 
2mnE + 
A~" sin(mn) 
g4(h) = n:0 ~ ~f-~ ~(h)z, (h) -f5(h)z2(h + H)'zs(h)] 
gs(h) =- [2+go 'g~(h) 'h2] -pe~I2h  +gog,(h)h---31 
D2 [2h + go'g, (h)h3/3][1 + K~ 'g4(h)] 
~Dj {K~[g3(h)-g2(h)]+ I} 
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evaluated using the half range cosine series expansion 
An [2 sin(m.) 1-1/ V(K3 + K4) ] 
[23]. Their 
K2 = ReE3[hQ1 (h) + a. h. Q2(h) - Q3(h)] 
k o Re 
K3 = - - / -~2 (1 -~'h)~---~Q(y) ~=h 
Q(Y) =f-~h ) [z, (y) - z2(h q- H).z3(y)] 
K4 ko Re 2 . . . .  = ~ m.. ~dLn) 
Q~(h)=~Y=Q,(y)y=h 
k5 = Q,(h)  
where p is function of y as described above. 
Q2(h ) = h -- 
Q~(h) = ~ Q,(y).dy. 
RESULTS AND DISCUSSIONS 
The quasi-steady nutritional transport in normal and diseased articular cartilage has been studied 
in this paper. The distribution of solutes has been studied for two types of nutrients for small 
molecular weight (type A) and for large molecular weight (type B) solutes. It has been found that 
local concentrations of solute depend on the partition coefficient (6), ratio of diffusivities in the 
fluid film region (D;) and the cartilage (D~) and the velocity of ultrafiltration. 
Figure 2 describes the local concentration profiles in the cartilage for type A solutes. Because 
of ultrafiltration larger concentrations may be observed near the surface of the cartilage. The 
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Fig. 2. Variation of local concentration within the cartilage for different intra-articular gaps for small 
molecular weight solutes. 
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Fig. 4. Variation of local concentration within the 
cartilage for different P6elet No. at a particular gap. 
concentration decreases very rapidly with depth. These results are similar to those of Mow and 
Lai [13]. The decrease in concentration i a known depth in the deep zone is considerably ower 
than that on the surface for the same depth [32]. Similarly, Fig. 3 describes these variations for 
type B solutes. While comparing the results for type A (Fig. 2) and type B (Fig. 3), one may observe 
that the decrease in concentration i a particular depth is lower for type B solutes than that of 
type A solutes. In the deep zone this decrease is much larger for type B solutes as compared to 
that for type A solutes. Some conclusions regarding the penetration depth may be drawn from these 
figures, in that type B solutes do not reach the cells of the deeper zone as compared to the type 
A solutes. 
The effect of Prclet No. on the distribution of nutrients in the cartilage is depicted in Fig. 4. As 
the Prclet No. increases, the concentration on the surface of the cartilage increases. In the deeper 
zone the concentration decreases more rapidly. The penetration depth is small for large a Prclet 
No. We also observe that as the Prclet No. decreases, the concentration distribution becomes more 
uniform. Similar results have been concluded by Mow and Lai [13]. 
Figure 5 describes the effect of local variation of permeability on concentration profiles for a 
known intra-articular gap. 
As the value of fl increases, the local permeability decreases. The concentration decreases as fl 
increases thereby indicating that when permeability decreases the concentration decreases. The 
decrease in concentration for a particular depth in the deeper zone is about one third that for the 
same depth at the surface. The ratio of the decrease in concentration for a particular depth at the 
surface and at the deep zone decreases tremendously with increasing values of ft. This confirms that 
the lower permeability of the deeper zone deprives the deeper zone cells of receiving sufficient 
nutrition. These results are further confirmed by the fact that when fluid flows into the cartilage 
due to metabolism, the solid portion of the porous matrix increases and this increases the ratio 
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Fig. 5. Effect of local variation of permeability on concentration profiles for a known intra-articular gap. 
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Table 1. Variation of ratio (Jdifr/J~o,v. ) with height and P~clet No. for small (A) and large 
(B) solutes 
Pc= 1 Pe = 2.5 Peffi4 
h Type A Type B Type A Type B Type A Type B 
0.1 47.5338 31.0887 19.7311 32.9431 12.8174 34.9301 
0.06 77.6023 21.6792 32.2463 22.5824 20.97 23.534 
0.02 227.917 7.83357 94.7918 7.95105 61.7002 8.07089 
Table 2. Variation of ratio (JdleC/Jeo.v.) with height and fl for small (A) and large (B) 
solutes 
fl = 1.58E - 04 fl = 1.6E - 0.4 /~ = 1.62E - 0.4 
h Type A Type B Type A Type B Type A Type B 
0.1 47.5338 31.0887 47.5353 19.6625 47.5361 12.5777 
0.06 77.6023 21.6792 77.6037 13.7113 77.6045 8.77085 
0.02 227.917 7.83357 227.918 4.95446 227.919 3.16926 
of solidity to porosity (v). Due to increased solidity of cartilageous matrix the resistance to the fluid 
flow increases and this, in turn, decreases the permeability of the cartilage. Therefore, less fluid 
enters into the cartilage and the nutritional transport decreases. 
The transport of solute from the joint cavity into the cartilage can take place by two mechanisms: 
(1) pure diffusion due to solute concentration gradient and (2) by mechanical pumping action. The 
contribution of diffusion and mechanical pumping action depends on several parameters uch as 
diffusivities for different types of solutes, hydraulic permeability of cartilage, loading conditions, 
etc. Therefore, we have calculated the ratio of the amount of solute transported into cartilage by 
diffusion [J~afr. = (DI dct/dy)] and by pumping action (Jco,,. = VnCI) at the tissue--fluid film interface 
for small and large molecular weight solutes for different values of parameters involved at each 
gap. 
Table 1 shows the effect of the P6clet No. on this ratio for type A and B solutes at different 
intra-articular gaps. As the gap decreases this ratio increases for type A solutes because convective 
diffusion goes on decreasing with gap due to decreasing values of ultrafiltration velocity whereas 
for type B solutes the diffusion coefficient is much lower and therefore this ratio increases. This 
confirms that for the type A solutes the transport is diffusion dominated and for type B solutes 
it is dominated by mechanical pumping. These results have also been confirmed experimentally by 
Maroudas et al. [14]. 
Table 1 further indicates that as the P6elet No. increases, the ratio decreases for small solutes. 
From this, we may conclude that for the large values of the P6clet No., diffusion dominates for 
type A solutes whereas pumping action dominates for type B solutes. Table 2 depicts the effect of 
local variation of the permeability on the ratio. The ratio increases for small molecular weight 
solutes and decreases for large molecular weight solutes as the permeability decreases (i.e. fl 
increases). We have also noted that the ratio remains almost uniform for type A solutes, i.e. the 
changes are comparatively small. This may be due to the fact that for large molecular weight 
solutes, the retention parameter is ~ 1 and there is accumulation of the nutrients on the surface. 
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